Intracellular free calcium concentration ([Ca2+] 
, was greater in the paraphagosomal region than in the cell body after the ingestion of STZ or IGZ. The mean peak [Ca2+] , values in the paraphagosomal cytoplasm of neutrophils ingesting one particle of STZ, IGZ, C3Z, Z, and STL were 536.1 ± 57.6, 424.7 ± 55.8, 373.8 ± 62.7, 272.3 ± 31.5, and 270.8 ± 38.0 nM, respectively, which showed good correlation (r = 0.97) with the efficiency of the particles for inducing superoxide production. Depletion of extracellular Ca2' by EGTA [ethylene glycol-bis(1-aminoethyl ether)-N,N,N',N'-tetraacetic acid] attenuated both [Ca2+] , increase and superoxide production induced by particles. Thus [Ca2+1, increased after ingestion of several types of particles, and the subcellular pattern of [Ca2+J, was different depending on the type of particle ingested. Greater increases in paraphagosomal [Ca2J11 were closely associated with greater increases in superoxide production by neutrophils.
Intracellular free calcium ([Ca2+] i) is thought to be an important second messenger for many neutrophil functions, including phagocytosis (28) , respiratory burst (22) , and degranulation (27) . To elucidate the effect of intracellular free calcium on neutrophil function, several studies have been performed with the soluble stimuli, N-formyl-methionyl-leucyl-phenylalanine (21), C5a (6), or concanavalin A (12) . However, few data are available for particulate stimuli and the effect of ingestion of these particles on intracellular [Ca2+] , patterns. To better understand the role of Ca2+ in neutrophil activation, we measured and visualized [Ca2+] , after ingestion of particles and correlated these [Ca2+] , patterns with neutrophil oxidative activity.
Ingestion of latex particles by neutrophils causes a weak oxidative response compared with ingestion of particles of similar size, such as Staphylococcus aureus, when the same number of particles is ingested per neutrophil (16) . Roos et al. (23) observed that ingestion of zymosan particles coated with immunoglobulin G (IgG), C3, or both enhanced the oxidative metabolism of neutrophils but that ingestion of unopsonized zymosan particles did not.
We recently reported measuring and visualizing [Ca2+] within single living cells using Quin 2 as a fluorescent Ca2+ indicator (26) . Fura 2, more recently developed by Grynkiewicz and co-workers (9) , is superior to Quin 2 as a Ca2+ indicator because it binds to Ca2+ more specifically and possesses -30 times stronger fluorescence intensity than [Ca2+] i PATTERN DURING PHAGOCYTOSIS OF PARTICLES for 30 min at a concentration of 1 x 108 to 4 x 108 particles per ml. IgG-coated zymosan (IGZ) was prepared by incubating zymosan with human IgG (5 mg/ml) in HBSS at 37°C for 30 min at a concentration of 109 particles per ml.
C3b-coated zymosan (C3Z) was prepared by the method of Roos et al. (23) . After the addition of disodium EDTA (pH 7.4) at a final concentration of 10 mM to fresh autologous serum, zymosan-specific immunoglobulins were removed by incubating the serum with zymosan (30 mg/ml) twice at room temperature for 30 min; the serum was then recalcified with 0.1 ml of 100 mM CaCl2 per ml of serum. Then zymosan was incubated with absorbed serum at 37°C for 30 min at a concentration of 1 x 108 to 4 x 108 particles per ml.
Unopsonized zymosan (Z) and unopsonized latex (L) were prepared by incubating zymosan or latex with HBSS at 37°C for 30 min. All particle types were washed with HBSS after opsonization and kept on ice until use. Particles were counted with a hemacytometer and diluted to an appropriate concentration with HBSS.
Measurement of IgG and C3b on particles. The amount of IgG and C3b on zymosan or latex particles was measured with fluorescein-conjugated anti-human IgG or anti-human C3c. The C3c fragment of C3b is an important fragment for the opsonization of particles, and anti-C3c has been used to quantitate C3b (29) . Each type of particle was incubated with fluorescein-conjugated anti-IgG or anti-C3c at a particle concentration of 106/ml at 37°C for 30 min. The particles were washed two times with HBSS and observed with a Leitz Orthoplan microscope equipped with a 100-W mercury vapor epi-illuminator, glycerine immersion objective (Nikon 10Ox UV-CF), silicon-intensified target camera (DAGE series 65; PAGE-MTI, Inc., Michigan City, Ind.), and optical cube (Leitz H2 cube; excitation, 390 to 490 nm; emission, >515 nm). The fluorescence images of each type of particle were stored on video tape, and the fluorescence intensity of each particle was quantitated by digital image analysis (Quantex 9210). The relative amounts of IgG and C3b fixed on particles were calculated by dividing the digitized fluorescence intensity of each particle by the molar fluorescence/protein ratio (F/P ratio) of fluorescein-conjugated anti-IgG (F/P = 3.5) or anti-C3c (F/P = 2.5). The molar amount of IgG fixed on STZ was 30% of that of C3b.
Measurement of superoxide production. Superoxide production was measured by determining the superoxide dismutase-inhibitable reduction of cytochrome c at 550 nm (2). Neutrophils (2 x 106 to 4 x 106 cells per ml) were suspended with HBSS containing cytochrome c and then incubated with particles at various particle/cell ratios in a shaking water bath at 37°C for 10 min. Superoxide dismutase was added to each control mixture, which had been prepared in a manner identical to that for the reaction mixtures. After centrifugation of both control and reaction mixtures at 1,500
x g for 15 min at 4°C, cytochrome c reduction was determined by measuring the A550 of each supernatant. At (6) . Superoxide production by the cells was not altered by loading with Fura 2 at this concentration (data not shown).
Fluorescence microscopy. Fluorescence microscopy was performed as previously described (26) 8 bits). The paraphagosomal region was defined as the area of the neutrophil within an approximately 3-,um periphery from the edge of the attached or ingested particle. The cell body was defined as the portion of the cell posterior to the paraphagosomal area. Three areas (ca. 1 pum2) were chosen appropriately in both the paraphagosomal region and the cell body on the bright-field image. Density readings of these areas were taken at the corresponding pixels within both 340-and 380-nm fluorescence images. The ratio of fluorescence intensity at 340 nm to that at 380 nm was calculated.
[Ca2+], within the appropriate area of the cell was calculated according to the following equation (9) Ingestion of particles by neutrophils. The ingestion of several types of particles by neutrophils was compared at a particle/cell ratio of 20:1 (Fig. 1) . Particle ingestion was greatest with STZ, followed in descending order by C3Z, STL, IGZ, and Z. This order of particle ingestion was also observed at particle/cell ratios of 10:1 or 40:1 (data not shown).
Neutrophil superoxide production induced by several types of particle. Figure 2 shows neutrophil superoxide production induced by ingesting equal numbers of several types of particles. Superoxide production was greatest for STZ, followed by IGZ, C3Z, STL, and Z. (Fig. 4) . Depletion of extracellular Ca2+ had no influence on superoxide production by unstimulated cells; however, superoxide production stimulated by any type of particle was decreased. The various particles induced superoxide production with the same relative effectiveness with or without EGTA.
Visualization of changes in [Ca2+] , pattern during phagocytosis of STZ over time. Ratio images were taken before and after phagocytosis of an STZ particle at 15-s intervals (Fig.   5 ). Before attachment to an STZ particle, [Ca2+] , in the polarized neutrophil was distributed evenly. Within [Ca2+] i in stimulusresponse coupling of neutrophils upon activation by particulate stimuli, we examined the oxidative metabolism of neutrophils with special reference to the subcellular [Ca2], pattern during the phagocytosis of several types of particles. Mandell (16) reported that postphagocytic oxidative activity was related to the type of particle ingested. Axline and Cohn (1) obtained similar results by lysosomal enzyme release.
Our data show that the metabolic events caused by phagocytosis of particles are dependent on the nature of the particulate stimulus rather than simply membrane perturbation. Furthermore, we suggest that the difference in the magnitude of the oxidative burst is linked to the efficiency of the particle for increasing [Ca2+] ,. In fact, the efficiency of a particle for inducing superoxide production was more closely related to the [Ca2+] , increase in the paraphagosomal region (r = 0.97) than that in the cell body (r = 0.81) (Fig. 7) . " Data are expressed as the means ± SEM. Fura 2-loaded cells were incubated in Ca2+-free HBSS containing 5 mM EDTA and 0.8 mM MgSO4 at 37'C for 1 min just before the assay. [Ca 2j, of the cells ingesting any type of particle was significantly higher than that in the resting cells (P < 0.05).
[Ca211, of the paraphagosomal region of the cells ingesting STZ was significantly higher than that of the cell body (P < 0.05). The paraphagosomal region was defined as the area of the cell within an approximately 3-,um periphery from the edge of the attached or ingested particle.
INFECT. IMMUN. [Ca2+]1 was measured separately in the paraphagosomal region (PP) and cell body (CB). Each point indicates the mean + SEM of at least four experiments. The paraphagosomal region was defined as the area of the cell within approximately 3-,um periphery from the edge of the attached or ingested particle. The cell body was defined as the portion of the cell posterior to the paraphagosomal region.
In fact, the resting [Ca2+] j in the present study (69.6 nM) is almost the same as that reported by Kruskal et al. (69 nM).
The [Ca2+] , values reported here, especially those for the stimulated cells, are higher than those reported in our earlier study (26) and by other investigators (6, 7, 12) (17) . Therefore, a regional increase in [Ca2+] , could result in increased oxidase activity in the paraphagosomal region. Such regional increases in paraphagosomal oxidative metabolism have been reported previously (25) . The correlation demonstrated between paraphagosomal [Ca2+] i and superoxide production represents an important potential mechanism for directing production of microbicidal compounds in a location optimal for destroying invading pathogens (5). It should be noted that the opsonization of zymosan particles with both IgG and C3b greatly enhanced Ca2+ mobilization and superoxide production as compared with particles coated with either IgG or C3b. These data are in accord with the findings of Goldstein et al. (8) , who reported that the superoxide production induced by C3-coated Sepharose beads was amplified when immunoglobulin was present on the particle surface. In addition, Roos et al. (23) observed the cooperation between C3 and IgG when fixed on the same zymosan particle in stimulating neutrophil oxygen consumption. We have shown here that IgG and C3 could interact cooperatively not only in superoxide production but also in Ca2+ mobilization.
In contrast to STZ, STL induced a weak Ca2+ mobilization and superoxide production response. This may be due to insufficient opsonization of latex particles with C3b as compared with zymosan particles (Table 1) [Ca2+] ,.
EGTA partially decreased superoxide production induced by STZ, IGZ, or C3Z. This suggests that extracellular Ca2+ is not an absolute requirement for superoxide production; however, the influx of extracellular Ca2+ is necessary for the optimal production of superoxide induced by these types of particles. These observations are consistent with the results obtained with soluble stimuli, such as formyl-methionylleucyl-phenylalanine, C5a, or concanavalin A (6, 11, 12, 15, 27) . In contrast to experiments performed in the presence of extracellular Ca2+, the paraphagosomal [Ca2+] , increase was not closely related to the superoxide induced by several types of particles in the absence of extracellular Ca2+ (r = 0.71; derived from the data presented in Table 3 and Fig. 4 ).
Without extracellular Ca2+, the amounts of both [Ca2+1I increase and superoxide production were much smaller than those observed in the presence of extracellular Ca2+. Higher levels of [Ca2+] , may be necessary to enhance oxidase activity. The subcellular pattern of neutrophil [Ca2+] , was different depending on the type and opsonization of the ingested particle and was directly reflected in the intensity of the oxidative burst. 
